Purposes Post arthroplasty gait analysis has up till now been performed on subjects walking slowly on flat ground rather than challenging them at faster speeds or walking uphill. We therefore asked: (1) Is there a measurable difference in the performance of hip resurfacing arthroplasty (HRA) and total hip arthroplasty (THA) limbs at patients' self-determined fastest walking speeds and steepest inclines? and (2) Is there a relationship between the observed differences between the gait of HRA and THA implanted limbs and patient walking speeds and inclines. Methods In an ethically approved study we recruited patients with bilateral hip arthroplasties: one HRA and one THA. Nine subjects were assessed using an instrumented treadmill at a range of speeds and inclines by a blinded observer. The ground reaction forces of subjects were recorded and an age, sex and BMI matched control group was used for comparison. Results Increasing walking speed correlated strongly with between leg differences in weight acceptance (r =0.9, p = 0.000) and push-off force (r =0.79, p = 0.002). HRA implanted limbs accepted significantly more weight at top walking speeds (1208 N ± 320 versus 1279 N ± 370, p = 0.026) and pushed off with greater force when walking uphill (818 N±163 versus 855±166, p=0.012). HRA limbs more closely approximated to the gait of the normal control group. Conclusions Arthroplasty implants do have an impact on the gait characteristics of patients. Differences in gait are more likely to be evident when assessment is made at fast speeds and walking uphill. This study suggests that HRA may enable a more normal gait.
Introduction
Hip resurfacing arthroplasty (HRA) was introduced to provide superior function for the more active patient, however selection bias may have skewed results in favour of HRA [1] [2] [3] . Three recent prospective randomised controlled trials have failed to detect a difference between HRA and total hip arthroplasty (THA). All were only powered to detect a 10 % difference in slow walking speeds or used conventional functional scores, which have well documented ceiling effects [4] [5] [6] .
Instrumented treadmills have the advantage of allowing subjects to be tested at a range of speeds and walking inclines. They have been used and validated as a tool for gait assessment [7] [8] [9] , with increasing speed being used to demonstrate clinically important differences that are not detectable at slower speeds [10, 11] . As HRA has been advocated for the more active patient, in whom higher walking speeds are particularly relevant, the use of this technology seemed appropriate. We have used this faster walking measurement to distinguish HRA from THA, but in a cohort study where selection bias might still occur [12] .
Patients with both one resurfacing and one total hip replacement who have high functional scores should overcome this presumed selection bias, as both implants would have an equal opportunity to be loaded by the same weight in the same person. Thus potential gait differences could then be attributed to the implants.
We therefore asked two relevant questions:
(1) Is there a measurable difference in the performance of HRA and THA limbs at patients' self-determined fastest walking speeds and steepest inclines? (2) Is there a relationship between the observed differences between the gait of THA and HRA implanted limbs and patient walking speed and inclines?
Participants and methods
Ethical approval was sought and gained prior to commencement of the study. We retrospectively identified all patients who had one THA and one HRA on the contralateral side.
Patients at least six months following the most recent surgery were identified from the surgical logs of two surgeons, JPC and SMA. Both surgeons used a posterior approach to the hip and repaired the external rotators on closure. Patients were assessed using the Oxford hip score (OHS) to ensure they had good functioning hips. Some patients had a THA first, presumably because this was prior to HRA increasing in popularity or availability. Some had a THA as their second procedure, perhaps due to increasing subject age and concerns over bone strength. A brief and careful medical history was obtained from patients to ensure they were free from confounding disease in their lower limbs. Twelve candidate patients were identified, but on questioning three patients were excluded. One patient had hallux rigidus on the side of the resurfacing arthroplasty. One patient had osteoarthritis of the ankle on the side of the THA. The last excluded patient had a knee arthroplasty on the side of the total hip replacement. In total this left nine patients who all consented to have their gait analysed. A THA total hip arthroplasty, HRA hip resurfacing arthroplasty Fig. 1 The ground reaction force outcome measures being examined further group of nine controls were obtained from a database of already tested asymptomatic normal subjects. There were three females and six males in both the study and control groups. The study group was slightly older (mean 67 years, range 55-76 versus control 64 years, range 53-82, p=0.52). The mean body mass index (BMI) of the study group was slightly higher (28 kg/m 2 v 25 kg/m 2 , p=0.11). Participants had a range of THA bearing couples from metal on polyethylene to ceramic on ceramic with a range of head sizes (28-38). All subjects were content with both hips and pain free. The mean average Oxford score of included patients was 44 (36-48). Radiographs of all subjects were examined to ensure that implanted components were well fixed without signs of loosening.
The mean time from THA operation to gait assessment was four years (1-17 years) and that for HRA was six years (0.7-10 years, p=0.31).
Patients were assessed using a treadmill instrumented with piezo-electric force plates underneath the tread (Kistler Gaitway®, Kistler Instrument Corporation, Amherst, NY). Data was collected from the force plates during the stance phase of the gait cycle generating four variables for analysis: maximum weight acceptance, mid support, maximum pushoff force and impulse ( Fig. 1) .
'Maximum weight acceptance' and 'maximum push off' were the first and second peaks of the gait cycle with the 'mid-support' force being the lowest point between the peaks. Impulse was defined as the total force throughout the stance phase of the gait cycle, or the area under the curve in Fig. 1 .
Testing followed a six-minute acclimatisation period where patients walked at a gentle 4 km/h. This acclimatisation period has previously been shown to be sufficient to remove inconsistencies in recorded ground reaction forces encountered due to a lack of warming up [13] . The average of each step was used for each speed and inclination.
Flat ground walking was assessed at a range of speeds starting at 4 km/h up to the patients self determined top walking speed (TWS). Following completion of flat walking, subjects were asked to walk uphill at a fixed speed of 4 km/h, at inclinations increasing at five degree increments until they wished to stop. This final inclination was called their top walking incline (TWI).
Assessment was performed with two trained observers using a standardised testing protocol. Assessors were blinded to the sides of the different types of arthroplasty, and patients were tested with their surgical scars covered.
Force differences were normalised for weight and averaged across speeds for comparison. A Kolmogorov- Smirnov test showed data was normally distributed. A paired t-test was used to assess the significance of any detectable difference at TWS and TWI for means of each of the four key ground reaction force (GRF) variables. A paired t-test was also conducted for the 4 km/h walking speed and zero incline to determine if there are differences at baseline. Pearson product-moment correlations were computed to assess the relationship between increasing speeds and the differences between the implanted legs for the key variables. SPSS (IBM SPSS Statistics, version 20) was used to perform all the statistical analyses. Gait curves of normal and arthroplasty limbs were plotted for visual comparison. The control group left and right legs were averaged to create a single force curve to make visual comparison easier.
Results
At slow speeds weight acceptance of both legs was similar (HRA 913 N±216 vs THA 919 N±194, p=0.6), as were the other ground reaction forces (see Table 1 ). However, at top walking speed, the legs with resurfacings were closer to normal in all studied variables, with the difference between types of arthroplasty reaching most significance in maximum weight acceptance (HRA 1279 N ± 370 vs THA 1208 N±320 p=0.026, Table 2 ). The impulse force difference also reached significance (HRA 364 N·s±110 vs THA 348 N·s±95, p=0.034).
The gait cycle of THA and HRA implanted legs were visually compared with those of the age, sex and BMI matched control group. In all these four measured key gait Fig. 2 Ground reaction forces for hip resurfacing arthroplasty (HRA), total hip arthroplasty (THA) and control limbs at top walking speed Table 3 Leg differences in ground reaction forces for control subjects at TWS and TWI
Variable
Ground reaction forces at TWS Ground reaction forces at TWI GRFs, the HRA implanted legs more closely resembled the control group ( Fig. 2 ; Table 3 ). As arthroplasty subjects walked faster, gait differences became more apparent (Fig. 3) . Pearson's R data analysis revealed a strongly positive correlation between increasing speed and ground reaction force differences between the types of arthroplasty in three GRFs: maximum weight acceptance (r=0.9, p=0.000), maximum push off (r=0.79, p= 0.002) and impulse (r=0.75, p=0.005). With increasing speed, the greatest differences were observed in maximum weight acceptance (Fig. 4) .
At their steepest achievable incline, differences between the implanted legs were also marked (Fig. 5) . The difference in maximum push off was most significant (HRA 855 N±166 vs THA 818 N±163, p=0.012, Table 2 ). Pearson's R data analysis revealed a moderate positive correlation between increasing steepness and difference in impulse, which just failed to reach significance (r=0.34, n=5, p=0.051).
Discussion
This small study set out to detect significant differences in the gait that might exist between THA and HRA by using patients with one of each device in situ. The principle limitation is that of sample size, i.e. we were only able to find nine subjects with high hip scores and no comorbidities that might invalidate the comparison. However, despite the small sample size, our primary hypothesis was confirmed, that is, there do appear to be measurable and significant differences in the performance of HRA and THA at higher speeds and on inclines. Furthermore, the strong correlations between observed differences and increasing speed confirms that this difference does not exist at a single speed but is a pattern as speed increases. Out of the nine patients only seven were able to walk uphill. Uphill walking took place after the fast walking trial. Tiredness may therefore have been the reason why two of the patients did not consent to carry on and this further reduction of numbers may have been a reason for just failing to reach significance with correlating force differences with increasing steepness.
The self determined top walking speeds (TWS) of subjects were considerably higher than that of other studies testing arthroplasty subjects (6.8 km/h, range 5.5-9.5 km/h). At TWS, the weight acceptance was 71 N or 8 % of body mass greater in HRA implanted limbs. There were strong correlations between the differences in weight acceptance, push-off and impulse as speed increased, Fig. 4 Graphs show the differences between the normalised ground reaction forces ( X10 3 ) between limbs with increasing speeds (km/hr). Correlations were calculated using Pearson's R data analysis confirming the supposition that by testing at low speeds, differences might be missed [14] .
Speed dependent gait variability is not a new subject in the medical field and has been highlighted in the field of cerebral ataxia [10] . It is therefore reasonable to assume that faster speeds may distinguish the good from the very good arthroplasty in functional terms. The data concurs with previous studies, which failed to detect any significant difference between THA and HRA at slow speeds (up to 5.5 km/h) [4] . For more active patients who wish to return to an active lifestyle, this eight percent of body weight difference in performance at higher speeds may be clinically relevant. This is the first report of the performance of hip arthroplasty patients on steep inclines. The median incline managed by these patients with bilateral hip arthroplasty was 20°(10-25°). At TWI, the maximum weight acceptance was 4 kg, or five percent of body weight more in the HRA implanted limbs. This size of difference may also be clinically relevant in those patients who wish to return to walking on variable terrain. This small study could not demonstrate a linear correlation between increasing gradient and increasing difference in gait between THA and HRA. However, when testing people at their TWI at 4 km/h, the difference in their maximum push-off reached significance, while on flat ground it was undetected.
The age-and sex-matched, asymptomatic control group walked faster on flat ground, and achieved steeper inclines than the arthroplasty group. The 'normal' gait cycle curve was visibly different from that of either arthroplasty limb. So while subjects were satisfied with their operation and had quite good functional scores, as surgeons we should not be complacent in assuming that arthroplasty restores normal function, particularly at higher speeds or on inclines. However the gait cycle of HRA implanted limbs was closer to 'normal' at TWS and TWIs. This suggests that the statistically detected differences in gait between types of arthroplasty were in favour of HRA.
Hip resurfacing in its current state remains a controversial surgical option for the active patient. This small study, which appears to be free from selection bias, suggests that HRA does indeed enable superior levels of function when treadmill walking at variable speeds, and gradients are used as a surrogate for global function. These activities are not unreasonable expectations for all patients who wish to remain active. The decision of which implant to use however should not be based on potential gait advantages alone and must be joint decisions made between surgeon and patient based on safety as well as function aspirations of the patient.
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